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ABSTRACT 
Carbon nanotubes (CNTs) are one-dimensional nanomaterials with outstanding electrical 
and thermal conductivities and mechanical properties at the nanoscale. With these superior 
physical properties, CNTs are very attractive materials for future light weight structural aerospace 
applications. Recent manufacturing advances have led to the availability of bulk formats of CNTs 
such as yarns, tapes, and sheets in commercial quantities, thus enabling the development of macro-
scale composite processing methods for aerospace applications. The fabrication of unidirectional 
CNT yarn/polymer composites and the effect of processing parameters such as resin type, number 
of CNT yarn layers, CNT yarn/resin ratio, consolidation method, and tension applied during CNT 
yarn winding on the mechanical properties of unidirectional CNT yarn composites are reported 
herein. Structural morphologies, electrical and thermal conductivities, and mechanical 
performance of unidirectional CNT yarn/polymer composites under tensile and short beam shear 
loads are presented and discussed.  The application of higher tension during the winding process 
and elevated cure pressure during the press molding step afforded a compact structural morphology 
and reduced void content in the composite. However, the composite tensile strength was negligibly 
impacted by the fabrication parameters, such as cure pressure, winding tension, and resin 
chemistry, excepting resin content and number of CNT yarn layers. The tension winding method 
produced better quality and lower resin content CNT yarn composites compared to conventional 
prepregging methods, resulting in higher specific strength and modulus of the composites. The 
specific tensile strength of the CNT composite was approximately 69 % of the starting CNT yarn. 
Electrical and thermal conductivities of unidirectional CNT yarn/polymer composites were in the 
range of 1000 to 12000 S/cm and 22 to 45 W/m×K, respectively.
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Introduction 
Carbon nanotubes (CNTs) have been widely studied for various aerospace applications due 
to their excellent combination of electrical, thermal, and mechanical properties. These applications 
include high current carrying capacity wires,1-2 electromagnetic interference shielding,3 thermal 
protection,4 and structural components.5 A particular focus has been placed on lightweight 
structural applications because individual CNTs exhibit superior elastic tensile moduli (~ 1 TPa) 
and breaking strengths (~100 GPa) on the nanoscale.6-9 However, the promising mechanical 
properties of individual CNTs have not translated to lightly doping (< 20 wt.% of CNTs in polymer 
matrix) macroscale CNT composites due to poor load transfer both between the CNTs or CNT 
bundles and between the CNTs and polymer matrix.10-14  
Windle et al. reported tensile and compressive mechanical properties of aligned CNT fibers 
with 10-30 vol.% in an epoxy matrix.15 The low density of the CNT fibers (0.55 g/cm3) enabled 
epoxy infiltration, which can reduce compressive buckling of the nanotube bundles within the 
fibers. The specific tensile strength of the 27 vol.% composite was 230 MPa/(g/cm3) and the 
specific yield stress of the 14 vol.% composite in compression was 118 MPa/(g/cm3). The ultimate 
tensile strength of the CNT fiber/epoxy composite studied was found to be 90 % of the value 
predicted by the simple rule of mixtures with some assumptions. While these results represent 
large increases over the pure epoxy, which has a specific tensile strength of 35.8 MPa/(g/cm3) and 
a specific yield stress of 33.3 MPa/(g/cm3), they are substantially lower than the nanoscale 
properties of the CNT constituent. Further improvement in composite properties will require better 
as-spun fiber properties than the 1.0 GPa/(g/cm3) tensile strength and 40 GPa/(g/cm3) tensile 
stiffness fibers used in that study, as well as higher fiber volume fractions in the composites.  
Recent developments in CNT manufacturing have led to the availability of large quantities 
of CNT assemblages, such as yarns, tapes, and sheets, with consistent mechanical properties. 
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Although this progress in manufacturing and advances in CNT composite processing techniques 
have renewed interest in the potential for high strength structural CNT composites,16-24 these 
improvements were achieved on the scale of individual CNT yarns and sheets. Realizing high 
performance and light weight structural composites will require the fabrication of composites with 
multiple layers of CNT sheets or CNT yarns to determine if the materials can truly compete with 
state-of-the-art carbon fiber (CF) composites in properties needed for the broad aerospace 
applications envisioned for this material.  
In this work, the fabrication of unidirectional CNT yarn/polymer composites with CNT 
mass fractions exceeding 70 wt.% was demonstrated and the influence of the processing conditions 
on the structural morphologies and mechanical properties was evaluated. Typical CF composite 
processing parameters were considered for the fabrication of CNT composites to evaluate their 
transferability between material systems. The tensile properties of the CNT composites are 
discussed along with their dependence on various resin types, winding tensions, number of CNT 
yarn layers, and resin cure methods and pressures. 
Experimental Section 
Matrix. Three thermosets were used as polymer matrices for this study. EPONTM 828, API-60,
and cyanate ester (RS-16) were obtained from Hexion Inc., Applied Poleramic Inc., and Tencate 
Advanced Composites, respectively. EPONTM 828 is a two-part difunctional bisphenol 
A/epichlorohydrin derived liquid epoxy resin with a fully cured resin density of 1.16 g/cm3. 
EPIKURETM W was used as the cure agent. API-60 is a toughened epoxy system having a high 
modulus retention at elevated temperature (over 2 GPa at 200 oC). The glass transition temperature 
(Tg) is 206 oC when cured using a standard 177 oC cure cycle. The cyanate ester resin is a low 
temperature, low viscosity two-part resin system with an excellent pot life (230 min at 75 oC or 60 
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min at 100 oC). The resin density and Tg are 1.21 g/cm3 and 149.4 oC, respectively, without post 
cure.  
Materials and composite processing. As-received highly-densified CNT yarns (Nanocomp 
Technologies, Inc.) were used to prepare unidirectional CNT yarn/polymer composites. The CNT 
yarns were composed of either 1, 2, or 4-plies of CNT roving with minimal physical twisting. For 
composite processing, EPONTM 828 and API-60 were diluted with methyl ethyl ketone (MEK, 
Sigma-Aldrich) to yield 70 wt.% and 50 wt.% resin concentrations, respectively. In the case of the 
cyanate ester, a 65 wt.% MEK solution of resin (Part A) was mixed with 65 wt.% MEK solution 
of curing agent (Part B). The mix ratios between Part A and Part B were 100 to 25 for EPONTM 
828 and 100 to 9 for the cyanate ester. The resin solutions were applied directly onto the CNT 
yarns by a wet winding method using a custom-built filament winder.5 The process involved 
passing CNT yarn through a resin bath followed by direct winding onto custom-made fixtures 
including an adjustable stainless-steel rod fixture (width of 30.48 cm and rod spacing of either 
15.24 or 30.48 cm) and solid aluminum plates (width of 15.24 cm and height of either 6.35 or 
10.16 cm), as shown in Figure 1. Winding tensions applied to the CNT yarn were varied between 
2.49 and 13.34 N to explore their impact on composite morphology and mechanical properties. 
For samples prepared on the stainless-steel rod fixture, the as-wound unidirectional CNT 
yarn/polymer composites were placed in a custom-made press mold equipped with a pair of 
corrugated bars to hold the sample under tension during the cure process. In this fixture, additional 
tension was applied to the wound CNT yarns during the clamping process. For samples prepared 
on the solid aluminum plate fixtures, the as-wound CNT yarn/polymer composites were 
sandwiched between two steel plates and cured under the desired pressure and temperature. The 
CNT yarn/EPONTM 828 and CNT yarn/API-60 materials were cured with a 1 hr hold at 100 oC 
followed by a 2 hr hold at 177 oC. Unidirectional CNT yarn/cyanate ester composites were cured 
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by ramping the temperature to 113 oC and holding for 4 hrs, followed by a 1.5 hr hold at 135 oC. 
For the press mold cure process, the pressure was generally maintained at 1.38 MPa. Properties of 
the CNT yarn used and variables in the processing conditions used for each composite fabricated 
are provided in Table 1. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Custom made stainless steel rod fixture (adjustable widths to 30.48 cm or 15.24 cm) 
and (b) cure mold with a pair of holding bars. (c) Unidirectional CNT yarn/API-60 composite (2-
layers) wound on a solid aluminum fixture (10.16 cm ´ 15.24 cm) using a filament winder. 
 
For the short beam shear test specimen, CNT yarns were directly wound onto a custom-
made aluminum fixture (6.35 ´ 15.24 cm solid Al plate) by the wet winding process (70 wt.% 
solution of EPONTM in MEK) under 9.79 N winding tension. A stainless-steel guide was installed 
on each side of the Al fixture to constrain the CNT yarn winding width. The wound unidirectional 
CNT yarn/EPONTM 828 sample [6.35 (length) ´ 1.27 cm (width), 20 layers, 158 m of CNT yarn] 
was placed into the press, sandwiched between two Al bars, and cured under the same conditions 
described above. The resin content in the completed unidirectional CNT yarn/EPONTM 828 
composite was 19 wt.% for the short beam shear test samples. 
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Table 1. Physical and mechanical properties of unidirectional CNT yarn/polymer composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Unidirectional CF (IM7, Hexcel)/API-60 composites were prepared from IM7/API-60 
prepreg tape to enable property comparison with the unidirectional CNT yarn/polymer composites. 
Unsized IM7 CF tow (12K tow, tensile strength: 5.66 GPa, tensile modulus: 276 GPa, density: 
1.78 g/cm3, linear density: 446 g/km, tow cross sectional area: 0.25 mm2) was passed through a 
resin bath (70 wt.% API-60 solution in MEK) to prepare an IM7/API-60 prepreg tape. The as-
prepared IM7/API-60 prepreg tapes were placed into a press mold (7.62 ´ 15.24 cm) and cured as 
described above to form 2-ply unidirectional IM7/API-60 composites. The CF prepregger at 
NASA Langley Research Center has a capability of prepregging uni-tape from resin solution, 
films, and powders, as shown in Figure S1. Utilizing this prepregger, API-60 solution (70 wt.% 
API-60 in MEK) was used to coat both IM7 CFs and CNT yarns, which were used to fabricate 
conventional unidirectional tapes. Ten spools (~ 100 m each) of CNT yarn were fed through the 
resin bath side-by-side to make the unidirectional CNT yarn/API-60 prepreg tape (10 yarns, ~ 2 
mm wide tape). The as-prepared unidirectional CNT yarn/API-60 prepreg tape was laid down and 
stacked on a press mold (2.54 ´  30.48 cm) and then cured under the same cure conditions described 
above to form the unidirectional CNT yarn/API-60 composites. The properties of the resultant 
prepregs are presented in Table S1. 
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Measurements and Characterization. Room temperature tensile properties of unidirectional 
CNT yarn/polymer composites were measured using a MTS-858 test stand equipped with a laser 
extensometer and pneumatic grips. Sample thicknesses and densities are provided in Table 1. 
Composite thickness was determined using a profilometer-type instrument (Mitutoyo Corp., 
Model ID-S112PE). The nominal density was determined by measuring the length, width, 
thickness, and weight of the specimen. Tensile testing methods were based on ASTM standard 
D638 (standard test method for tensile properties of plastics) and D1708 (standard test method for 
tensile properties of plastics by use of microtensile specimens). The gauge length and cross head 
speed were approximately 20 mm (gap between two reflective tapes) and 0.5 mm/min, 
respectively. The tensile specimens were rectangular strips with a width of 5 mm and typical length 
of 10 cm, although lengths varied depending on the fixture used for winding (see Table 1 for 
composite sizes). A minimum of four specimens were tested to determine tensile strength and 
modulus. Specific tensile stress was calculated by dividing the measured failure force (N) by the 
linear density (g/km) of each specimen to eliminate errors associated with the measurement of 
sample thickness and specimen dimensions. Young’s modulus was calculated from the slope 
between 10 and 30 % of ultimate tensile stress to eliminate the initial lag in stress-strain behavior.19 
Resin content was determined by measuring length and linear density of the CNT yarn used for 
each sample and the final composite weight. 
Short beam shear specimens (nominally 2.79 mm thick, 5.08 mm wide, and 15.24 mm 
long, 5 samples) were cut using a high-speed precision diamond saw with a water/cutting fluid 
mixture as a coolant to ensure a clean cut. The short beam shear testing method was based on 
ASTM D2344 (standard test method for short beam strength of polymer matrix composite 
materials and their laminates), with the exception of a smaller specimen size. The support span 
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and diameters of the loading rod and support rods were 10.16 mm, 6.35 mm, and 3.18 mm, 
respectively. 
Field emission-scanning electron microscopy (FE-SEM) images were acquired using a 
Hitachi S-5200 field-emission SEM system at an acceleration voltage of 30 keV using the 
secondary electron (SE) detector. Cross sectional SEM samples were prepared by a cooling cross 
sectional polisher (Jeol IB-19520CCP) using a 5 keV acceleration voltage under an argon plasma. 
The samples were cooled to -30 oC before polishing to prevent amorphous carbon build up on the 
polished surfaces. Transmission electron microscopy (TEM) images were acquired using a Jeol 
JEM-ARM200cF system at an acceleration voltage of 80 keV to minimize beam damage of the 
CNTs and polymer. Cross-sectional TEM samples were prepared using a focused ion beam (FIB, 
FEI Helios 600) system equipped with a precise positioning stage (OmniProbeTM). The sample 
thickness was generally less than 30 nm and the CNTs were aligned at nearly 90 degrees to the 
sectioning direction. High resolution nondestructive evaluation of as-prepared unidirectional CNT 
yarn/polymer composites was conducted using a micro focus X-ray computed tomography (CT) 
system (Nikon Metrology) with a maximum resolution of 5 µm and magnification of up to 160´. 
A Perkin-Elmer 16-bit amorphous silicon digital detector with a 2000 ´ 2000 pixel array was used 
to collect radiographs at each rotation angle as the X-ray path intersected the sample (360 degrees 
in 0.11 degree increments). The three-dimensional reconstruction of the collected radiographs 
produced tomographic data that could be viewed along any plane in the sample volume.    
Electrical conductivities of the unidirectional CNT yarn/polymer composites were 
determined using a measurement system consisting of custom built four-point electrodes, a 
Keithley 2400 current source, a Keithley 2000 digital multimeter, and software written in 
LabVIEW. The distance between the voltage probes was 1 cm. Eddy current conductivity 
measurements were acquired using a Jentek In-700-39 Meandering Winding Magnetometer 
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System with a FA150 bidirectional sensor operating at 10 MHz. The inductively coupled 
measurement technique utilizes a thin film driver/pickup coil pair and measures the complex trans-
impedance of the coils. Data was acquired with the coil fixed as the sample was rotated 360 degrees 
beneath the coil. Impedance data was converted to lift-off (spacing between the coil and the sample 
under test) and conductivity of the part under testing through the use of a patented algorithm.25 
Calibration on conductivity samples of 0.02, 0.07, and 0.6 %IACS (1.2´104, 4.1´104, and 3.5´105 
S/m, respectively) were used to bound the model. %IACS is the international annealed copper 
standard in which copper has a conductivity of 100 %IACS. A 4-ply unidirectional CF/polymer 
composite, fabricated with a standard epoxy resin [diglycidyl ether of bisphenol A (DGEBA)] and 
T700 CF (Toray), was used as a reference sample for Eddy current conductivity measurements. 
The unidirectional T700/DGEBA prepreg was prepared by hand layup and cured at 120 oC for 20 
min using a half rigid mold and half vacuum bag.  
Thermal conductivities of unidirectional CNT yarn/polymer composites at room 
temperature were measured by the transient plane source (TPS) method using a Hot Disk TPS 
2500S (Thermtest Inc.). The Hot Disk sensor consists of an electrically conductive double spiral 
nickel pattern sandwiched between two thin sheets of electrically insulating KaptonÒ film. The 
sensor is used both as a heat source and as a dynamic temperature (resistance) sensor. A plane Hot 
Disk sensor (Type 5501, 6.403 mm radius) was placed between two pieces of the unidirectional 
CNT yarn/polymer composite with various stack angles or multiple layered stacks to measure the 
thermal conductivity and specific heat capacity by the Slab method. Thermal conductivities were 
measured at 200 mW of heating power and 2 sec of measurement time.  
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Results and Discussion 
Morphological and mechanical properties of unidirectional CNT yarn/polymer 
composites. Two unidirectional CNT yarn/EPONTM 828 composites were fabricated by the wet 
winding process onto a 15.24 cm ´ 30.48 cm fixture (winding dimension: 15.24 cm ´ 2.54 cm, 2 
layers). The composite processing conditions differed only in the applied winding tensions, which 
were 2.49 and 9.79 N. After curing under a pressure of 1.38 MPa, the composites (Figure 2a) were 
cut using a triple wavelength picosecond laser materials processing system (Photomachining Inc., 
Ekspla laser, 355 nm wavelength, 200 kHz frequency) at 75 % of beam attenuation with 10.16 
cm/sec in mark speed and 50 repetitions to prepare the rectangular specimens (7.62 cm ´ 0.51 cm, 
Figure 2b). The resin content in both composites was 14 wt.%.  
The thickness of the composite made under the higher winding tension (9.79 N, 239 µm) 
was less than that made under the lower winding tension (2.49 N, 356 µm) for the same length of 
CNT yarn used. This was mainly due to the greater consolidation of the CNT yarns under the 
higher winding tension. The physical result of the winding tension is visible in the x-ray CT image 
shown Figure 3, which illustrates the higher density and thinner cross-section that resulted from 
the greater compaction during composite processing. While the higher winding tension clearly 
results in greater composite consolidation, the x-ray CT images show that significant 
microstructural porosity still remains. This remaining internal fiber porosity results from the 
twisting together of 4 plies of CNT roving used to produce the yarns.5 The roving is composed of 
large bundles of millimeter long CNTs, which are held together by van der Waals forces and 
impurities from the manufacturing process, including amorphous carbon and iron catalyst particles 
enclosed in graphitic shells. Individual plies within the 4-ply CNT yarn are physically entangled 
by a small amount of twisting applied during the manufacturing process. Alignment of the CNTs 
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and bundles in the roving during the manufacturing process is incomplete, which results in micro-
sized voids throughout the yarn. The CNT yarns, with an average diameter of 200 µm, have 
irregular, elliptical shapes which further complicates the elimination of porosity in the final 
composites.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (a) As-prepared unidirectional CNT yarn/EPONTM 828 composite (2 layers). The 
composite was cured in a custom-made press mold equipped with a pair of corrugated bars to hold 
the wound CNT yarns under tension during cure. The CNT yarn between the bars only experienced 
high pressure (1.38 MPa) during the cure process. (b) As-prepared CNT yarn/EPONTM 828 
composite was cut by a laser to create five rectangular tensile specimens (7.62 cm ´ 0.50 cm) and 
a coupon (7.62 cm ´ 2.54 cm) for thermal conductivity measurement. 
 
 
 
 
 
 
 
 
 
 
Figure 3. X-ray CT images of unidirectional CNT yarn/EPONTM 828 composites prepared using 
the wet winding method under (a) 2.49 and (b) 9.79 N winding tension, respectively. Scale bar is 
500 µm. 
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Figure 4. (a) FE-SEM and (b, c, and d) cross sectional TEM images of the unidirectional CNT 
yarn/EPONTM 828 composite prepared at 2.49 N winding tension. TEM images were taken at 
several magnifications. Yellow arrows in (a) indicate resin rich regions. 
 
Arrows in Figure 4a identify resin rich areas in the cross-sectional view of the composite. 
Figures 3 and 4a-b indicate that resin wet out inter-ply regions but failed to penetrate into the yarns 
during processing, although the ply surfaces are partially coated. Note that the resin content of this 
composite was 14 wt.%, which is relatively low compared to the 35 ~ 40 wt.% typically used in 
CF composites. Many voids, with sizes on the order of tens of microns and scattered both between 
and within the individual roving plies, are not filled with resin, indicating that they are closed voids 
which cannot be infiltrated by the resin. This is due to the presence of regions of densely packed 
CNTs in the yarn, as shown in cross sectional TEM images (Figures 4b, c, and d), which block 
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resin infiltration into the yarn. The CNTs in the yarn were generally double or triple walled, with 
average diameters of 7 ~ 8 nm, and were deformed into irregular oval and collapsed shapes. The 
large fraction of collapsed tubes produces higher packing densities than can be achieved with round 
CNTs, which accounts for the high-densities measured for the CNT yarns used in this work.26  
 Typical tensile stress-strain responses of the unidirectional CNT composites fabricated 
under the two different winding tensions are shown in Figure 5a. The two-layer unidirectional 
CNT yarn/EPONTM 828 specimens, made under winding tensions of 2.49 and 9.79 N, failed 
catastrophically at various sites within the gauge regions during the tests (Figures 5b and c), which 
is similar to the failure behavior observed with unidirectional CF/polymer composites. Both tensile 
strength and modulus of the composites increased slightly with increased winding tension, as 
shown in Table 1. The specific strength of the composite wound at 2.49 N was 1.07 GPa/(g/cm3), 
64 % of the starting yarn value, while that of the composite wound at 9.79 N was 1.15 GPa/(g/cm3), 
74 % of the starting yarn value. The specific moduli and elongations at failure of the unidirectional 
CNT yarn composites were relatively unaffected by winding tensions, with both composites 
yielding values of ~ 52 GPa/(g/cm3) and ~ 3 %. The composite specific moduli did not depend 
strongly on winding tensions, having values of 55.51 (2.49 N) and 57.14 GPa/(g/cm3) (9.79 N), 
which are close to that of the starting yarn.  
The results discussed to this point were obtained on composites prepared using the 
adjustable rod winding configuration. As previously noted, this method required the application of 
additional clamping tension when the sample was placed into the mold (Figures 1a and b) to retain 
yarn compaction and reduce interbundle voids. This complication, in combination with some 
degree of deformation of the fixture at high winding tensions, made it difficult to definitively 
determine the influence of winding tension in those composites. To mitigate these issues, a solid 
aluminum fixture (Figure 1c) was adopted, which allowed for a known tension to be maintained 
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during both the winding and curing steps. The results that follow were obtained with this improved 
fabrication fixture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) Stress-strain curves of unidirectional CNT yarn/EPONTM 828 composites prepared 
under winding tensions of 2.49 and 9.79 N. Digital photographs showed catastrophic failure of the 
unidirectional CNT yarn/EPONTM 828 composites under a tensile load. The specimens were made 
under winding tensions of (b) 2.49 and (c) 9.79 N, respectively. 
  
Figure 6 shows cross sectional x-ray CT images of a selection of these samples prepared 
with the Al plate fixture which illustrate the range of microstructures that resulted from these 
various processing conditions. For example, composites made under winding tensions of 9.79 N 
or less were very porous but had a relatively homogeneous distribution of CNTs, whether using 4-
ply (Figure 6a) or 2-ply (Figure 6e) CNT yarns. For composites made at a higher winding tension 
of 13.34 N, it is easier to discern the individual yarns and to see the resin coating on their surfaces 
(Figures 6c and d). Micron size closed voids can be observed in the composites formed at both 
winding tensions, although it is difficult to distinguish individual yarns in the lower tension 
samples. 
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Figure 6. Cross sectional X-ray CT images of unidirectional CNT yarn/API-60 composites 
prepared under various processing conditions such as (a) 2 layers, 9.79 N winding tension, and 
1.38 MPa cure pressure, (b) 2-layer lay-up of prepreg tape and 1.38 MPa cure pressure, and (c) 2 
layers, 13.34 N winding tension, and autoclave cure. (d) Cross sectional X-ray CT image of the 
unidirectional CNT yarn/cyanate ester composite prepared with 2 layers of CNT yarn under 13.34 
N winding tension and 10.34 MPa cure pressure. (e) Cross sectional X-ray CT image of the 
unidirectional CNT yarn/cyanate ester composite prepared with 2 layers of 2-ply CNT yarn under 
4.45 N winding tension and 2.07 MPa cure pressure. 
 
In general, the composites contain a distribution of opened (accessible) and closed 
(inaccessible) voids, which is most apparent in the autoclave cured composite shown in Figure 6c. 
The volume fractions of CNT, resin, and voids were computed as 55, 20, and 25 vol.%, 
respectively, using the ImageJ software package.27 The computed volume fractions were based on 
the image contrast between the resin (lighter color around CNT yarn) and the CNT (darker and 
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rounded) using a user selected threshold adjustment. The calculated resin content of 20 vol.% was 
consistent with the experimentally determined resin content (17 wt.%) in the composite. The 
ability to quantify void volume fraction is useful in assessing the effectiveness of processing 
changes intended to reduce voids, such as winding tension and cure pressure. For example, Figure 
6d shows a cross sectional x-ray CT image of unidirectional CNT yarn/cyanate ester composite 
prepared at a winding tension of 13.34 N and a press mold cure pressure of 10.34 MPa. The 
combination of higher winding tension and very high consolidation pressure yielded a composite 
with significantly lower void content (1.94 % by image analysis) and higher material density 
(1.143 g/cm3), as calculated from the measured sample dimensions and weight. This calculated 
density is lower than a value of 1.526 ± 0.010 g/cm3 measured using a pycnometer equipped with 
a custom-built sample container to accommodate rectangular specimens (Micromeritics, GA, 
USA, AccuPyc II 1340 Automatic Gas Pycnometer), which isolates the influence of open voids 
for the apparent density measurement. 
Figure 7 shows a comparison of the specific strengths and moduli of various unidirectional 
CNT yarn/polymer composites. The corresponding values measured for the yarns used to fabricate 
the samples are indicated with star symbols in the figure. Note that the as-received yarn moduli 
progressively improved as the manufacturer refined their synthesis process during the course of 
this work, although the yarn strengths remained relatively constant. Despite the notable 
processing-induced differences in the composite morphologies observed in the CT-scans (Figure 
6), the knock-downs in the specific strength, defined as the difference between the yarn and 
composite values, were all very close to 0.5 GPa/(g/cm3). The one-layer CNT/API-60 composite, 
one of the two cases with a higher knock-down of 0.54 GPa/(g/cm3), had a polymer matrix content 
of 41 wt.%. The fact that the other composite with a knock-down of 0.54 GPa/(g/cm3), the two-
layer CNT/API-60 composite, had a resin content similar to the other composites indicates that 
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resin content alone cannot fully explain the strength reduction. It is somewhat surprising that the 
high tension (13.34 N), high cure pressure (10.34 MPa) unidirectional CNT yarn/cyanate ester 
composite (fifth bar in Figure 7a) did not show improvement despite the significant void reduction 
and improved consolidation observed in the x-ray CT scan (Figure 6d). These results suggest that 
the specific tensile strength of unidirectional CNT yarn/polymer composites is much more 
dependent on yarn properties than any processing steps that may be taken in composite fabrication. 
This is consistent with CF composite behavior, although more detailed analysis is needed to better 
understand the tensile failure mechanism of these composites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Comparison of (a) specific strength and (b) specific modulus of various unidirectional 
CNT yarn/polymer composites prepared under various winding tensions, cure pressures, 
consolidation methods, resin chemistries, and number of CNT yarn layers. The star symbols 
represent the corresponding values of the starting yarns. The numbers in the charts are the 
differences between the yarn and composite properties. 
 
In contrast to the relative insensitivity of composite specific tensile strengths to processing 
variations, the specific moduli of the unidirectional CNT yarn/polymer composites show 
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significant differences. While no clear trends appear in the measured specific modulus data, a few 
particular cases warrant comment. First, the API-60 composite prepared from the prepreg shows a 
notably large knock-down as indicated in Figure 7. This is likely due to an elevated resin content 
and separation between the matrix and CNT constituents, as noted above in the discussion of 
specific strength and shown in Figure 6b. Second, the high tension, high pressure cyanate ester 
composite again performed much more poorly than was expected in light of its dense, consolidated 
microstructure. Finally, the specific modulus of the unidirectional CNT yarn/API-60 composite 
with 2-layers of CNT yarn (winding tension of 9.79 N and cure pressure of 1.38 MPa) significantly 
improved relative to the modulus of the starting yarn. Further work will be needed to understand 
this unexpected result.  
Given the broad and commercially important use of prepregging in conventional CF 
composite fabrication, it was of interest to better understand the mechanical properties observed 
for the composite prepared from prepregged CNT yarn and API-60. To do so, additional cross-
sectional FE-SEM images of the prepregged composite were taken and are shown in Figure 8. 
Figure 8a reveals the uneven thickness in the composite and the nonuniform spacing between the 
CNT yarns, which likely resulted from the limited processing resolution of the CF prepreg 
machine. The resin from the two CNT yarn prepreg layers appears to have consolidated during the 
press mold process, despite the relatively lower cure pressure (1.38 MPa), resulting in large 
continuous resin rich areas. Consequently, the prepregged composite had a relatively lower 
thickness (297 µm) and lower nominal density (0.805 g/cm3) compared to those from the winding 
process (9.79 N winding tension) composite (418 µm and 0.972 g/cm3, respectively). It is also of 
interest to note that a crack develops within a CNT yarn rather than at the yarn/matrix interface or 
in the outermost portion of the yarn, as shown in Figure 8b. This implies that the resin/yarn 
interfacial adhesion is reasonably strong and that the resin penetrates some distance into the outer 
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layers of the yarn. The fact that the crack develops in the inner portion of the yarn indicates that 
the resin has not fully penetrated the yarn, possibly due to high CNT packing densities in the inner 
portion. Figure 8c, which shows unfilled porosity within the CNT rich zone, supports this 
inference.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Cross sectional FE-SEM images of unidirectional CNT/API-60 composite prepared 
from prepreg tape. Images were taken at magnifications of (a) 200, (b) 5K and (c) 100K. 
 
By now it is clear that completely infiltrating the CNT yarn during the composite 
fabrication process is challenging due to closed voids, with dimensions of tens of nanometers, that 
remain after high tension winding and high-pressure composite processing. An alternate approach 
to avoid both inter- and intra-yarn porosity is the use of much thinner CNT yarns.  To test this 
hypothesis, 2-ply and 1-ply yarns were utilized to fabricate double layered and single layered 
unidirectional CNT yarn/cyanate ester composites, respectively. Relative to the 4-ply CNT yarns, 
lower winding tensions were required to accommodate the lower breaking strengths of the thinner 
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yarns and, due to the larger total yarn surface area, larger quantities of resin were retained in the 
composites (34 wt.% for 2-ply vs. 17 wt.% for 4-ply) despite the use of higher cure pressure (2.07 
MPa) during the press molding step. The composites resulted in slightly higher densities (0.997 
g/cm3 for 2-ply vs. 0.972 g/cm3 for 4-ply) and thicker samples (538 µm for 2-ply vs. 418 µm for 
4-ply). The stress-strain curves for the 1-ply CNT yarn composites, shown in Figure 9, exhibit a 
saw-tooth failure process between 2 and 4 % tensile strain, indicating a series of individual yarn 
failures at different times and locations. Although there is a significant knock-down in the specific 
strength in the composite (47 % relative to an individual 1-ply yarn), the specific modulus 
increased from 31.8 (pristine single ply CNT yarn) to 36.0 GPa/(g/cm3). This was unexpected due 
to the relatively high resin content (42 wt.%) in the composite and indicates a synergistic 
interaction between the yarn and matrix that increased composite stiffness. Unfortunately, the 2-
ply yarn composite could not be tested mechanically under a tensile load due to slippage at the 
grips. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Stress-strain curves of the 1-ply unidirectional CNT yarn/cyanate ester composite. 
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 To allow an assessment of the results obtained for the CNT yarn composites relative to a 
state-of-the-art composite, aerospace grade CF composite was fabricated and tested. Figure 10a 
shows the stress-strain curves of unidirectional IM7/API-60 composites (2-ply, 254 µm thickness). 
Catastrophic failure of the composite, shown in Figure 10b, was observed at a strain of around 2.6 
%. The specific strength and specific modulus of the unidirectional IM7/API-60 composite were 
1469 ± 87 MPa/(g/cm3) and 60 ± 4 GPa/(g/cm3), respectively, which are 45 % and 39 % as large 
as the corresponding values measured for an individual IM7 CF. A FE-SEM image of the failure 
site of the unidirectional IM7/API-60 composite is shown in Figure 10c. This image shows that 
the CFs were well wetted out with no visible voids and no fiber pulled-out in the region examined. 
Taken together, these observations suggest good interfacial adhesion between the CFs and the 
matrix and that the composite failed by brittle fracture in multiple locations (Figure 10b). This is 
in contrast to the unidirectional CNT yarn/polymer composites that exhibited both significant 
porosity and resin rich areas, both of which had a deleterious effect on composite properties. 
Despite these problems, the CNT composites still retained a higher percentage of the native yarn 
properties than did the CF composites. The property retention allows for the possibility that 
continuing improvements in yarn synthesis techniques and CNT yarn composite fabrication 
methods could result in CNT composite properties that exceed what is possible with CF 
composites. 
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Figure 10. (a) Stress-strain curves and (b) digital photograph at the moment of failure of 
unidirectional IM7/API-60 composite. (c) Cross-sectional FE-SEM image of the failure site on the 
tested unidirectional IM7/API-60 composite. 
 
Finally, Figure 11 shows the load vs. extension curves of unidirectional CNT 
yarn/EPONTM 828 composites during short beam shear testing. The 2.8 mm thick unidirectional 
CNT yarn/EPONTM 828 composite contained 20 layers of CNT yarns, a resin content of 19 wt.%, 
and was wound under a winding tension of 9.79 N. The specimen failed by an inelastic deformation 
mode during the test, due primarily to insufficient resin content in the composite and porous micro-
structure. While the results of the test are not strictly valid because the failure mode differed from 
that required by the ASTM standard, we note that the measured shear stress, 9.1 ± 0.4 MPa, is an 
order of magnitude lower than the literature value for unidirectional IM7(12k tow)/8552 composite 
(~137 MPa).28 More experiments will be needed to clarify the failure mode of the CNT composite 
to find an optimum resin content for shear strength and CNT yarn/resin interface properties. 
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Figure 11. (a) Load-displacement curves and (b) x-ray CT image of the unidirectional CNT 
yarn/EPONTM 828 composite fabricated for short beam shear test specimens. 
    
Electrical properties of unidirectional CNT yarn/polymer composites. Electrical 
conductivities of the unidirectional CNT yarn/polymer composites were measured using a custom-
built four-point electrodes measurement system. Current-voltage (IV) curves were generated by 
four test strips spanning two pairs of electrodes with a 1 cm gap between the innermost pair. 
Current was swept from 0 to 1 A and back to 0 A through the outer electrode pair with the voltage 
measured across the inner pair. Figure 12a shows typical IV curves for the unidirectional CNT 
yarn/EPONTM 828 composites prepared at 2.49 and 9.79 N of winding tension. Figure 12b shows 
the electrical conductivity of both composites and the pristine CNT yarn. The composites had 
significantly lower conductivity than the yarn due to the added resin, which does not contribute to 
current carrying capacity. For this limited sample set, winding tension did not appear to affect the 
measured conductivity significantly, with the values being equivalent within experimental error. 
The higher winding tension did lead to less data scatter, suggesting reduced variability between 
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samples. Overall, electrical conductivity of unidirectional CNT yarn/polymer composites was in the range 
1000 to 12000 S/cm, which is significantly higher than that from unidirectional IM7/8552 composites (19.9 
S/cm).29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. (a) Typical current-voltage curves and (b) DC electrical conductivities of unidirectional 
CNT yarn/EPONTM 828 composites prepared under 2.49 and 9.79 N of winding tension. 
 
Eddy current data was acquired by placing the sensor on top of a 2-layer unidirectional 
CNT yarn/API-60 composite or 4-ply unidirectional CF composite and acquiring impedance data 
as the composite was rotated by a stepper motor. The inductive measurement is affected by sample 
thickness because the depth of penetration of the induced currents decays exponentially with depth 
into the sample. At a high enough conductivity and frequency, the vast majority of the 
electromagnetic field is contained within the sample, and further increases in sample thickness 
make little or no difference in the measured conductivity. For thin or low conductivity samples, 
however, a significant portion of the field will penetrate through the sample. In these cases, 
changes in thickness will have a major effect. The depth of penetration of the field into the sample 
can be estimated from a skin depth calculation. Using a conductivity of 0.12 %IACS and a 
frequency of 10 MHz, the skin depth was calculated to be 603 µm. This would be the depth that 
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the field decays to 1/3 of its value at the surface. The measured conductivity can be bounded by 
using the uncorrected values given in Figure 13 as a minimum conductivity and the thickness 
weighted conductivity as the upper bound. A simple weighting of the eddy current conductivity 
measurement with sample thickness as 𝜎"#$%&'#( = 𝜎$*+&$, ∗ .$"/,#	+12*34#%%	(%324(#/+1%)7
(for sample thickness less than or equal to the measurement depth of 3 skin depths) can be used as 
the thickness weighted upper bound. In this case, the upper bound for the conductivity of the 
unidirectional CF composite would be 0.007 %IACS ´ 3/(0.841 mm/2.5 mm) = 0.062 %IACS. 
Likewise, the upper bound for the unidirectional CNT yarn/API-60 composite conductivity is 
given by 0.12 ´ 3/(0.419 mm/0.603 mm) = 0.52 %IACS. The penetration depths of the 
unidirectional CF composite and the unidirectional CNT yarn/API-60 composite were calculated 
to be 2.5 and 0.603 mm, respectively, while the sample thicknesses were measured to be 0.841 and 
0.419 mm, respectively.  Both samples show clear conductivity peaks along the fiber direction of 
the uniaxial parts. 
Figure 13. Eddy current conductivities of unidirectional CNT yarn/API-60 and 4-ply 
unidirectional carbon fiber composites. 
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Thermal properties of unidirectional CNT yarn/polymer composites. Thermal 
conductivities of the unidirectional CNT yarn/EPONTM 828 composites fabricated under 2.49 and 
9.79 N of winding tension, stacked and aligned in various sequences, and measured using a 
Thermtest TPS 2500S system, are shown in Table 2. The thermal conductivities of the 
unidirectional CNT yarn/EPONTM 828 composite fabricated at 9.79 N of winding tension are 32.07 
and 45.33 W/m×K with 0o⫼0o and 0o⫼90o stacks, respectively. These values were larger than those 
for the composite fabricated at 2.49 N winding tension (21.98 and 32.86 W/m×K with 0o⫼0o and 
0o⫼90o stacks, respectively). This is due to the consolidation of the CNT yarns under the higher 
winding tension. The thermal conductivity of the 0o⫼90o stack of both composites, fabricated at 
2.49 and 9.79 N of winding tension, was 35.79 W/m×K, which is in between the values measured 
with each composite. Thermal conductivities of the double stacked samples decreased due to 
increasing number of interfaces between the samples at 0o/90o, 0o/0o, and 90o/90o stacks. 
However, the thermal conductivities of unidirectional CNT yarn/polymer composites with various 
stack angles are higher than that from unidirectional IM7/8552 composites (5.5 W/m×K at R.T.) and 
their hybrid composites with CNT sheets (<10 W/m×K at various temperatures).30 Measured 
specific heat capacities of the composites with various stacks ranged between 1.37 and 3.30 J/g×K. 
Note that the specific heat capacity, as determined by differential scanning calorimetry (DSC, 
Netzsch DSC 204 F1), was 1.75 J/g×K, in good agreement with the values measured using the TPS.  
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Table 2. Thermal Conductivities of the unidirectional CNT Yarn/EPONTM 828 Composites. 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
 Unidirectional CNT yarn/polymer composites were fabricated under varying processing 
conditions including number of CNT yarn layers, CNT yarn/resin ratio, resin chemistry, tension 
applied during CNT yarn winding, and consolidation method. The effects of these processing 
variations were assessed by investigating micro-structural morphologies, mechanical performance 
under tensile and short beam shear loads, and electrical and thermal conductivities of 
unidirectional CNT yarn/polymer composites. The micro-structural morphology and void content 
in the composites were found to improve when using higher tensions during the winding process 
and higher cure pressures during the press molding step. Surprisingly, the specific tensile strength 
of the composites was not significantly affected by any of the fabrication parameters tested, even 
though the high tension winding and high pressure cure processes were found to improve the 
morphology of the CNT yarn/polymer composites by reducing porosity. These results indicate that 
adjusting composite fabrication processes with current CNT yarn formats will not be enough to 
overcome limitations in the yarn and resin starting materials. Continuing improvement in high 
strength CNT yarn manufacturing methods and additional optimization of resin chemistry to 
enable better CNT yarn/matrix adhesion are needed before composite fabrication processes can be 
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optimized. If achieved, the improved mechanical, electrical and thermal conductivities, of 
unidirectional CNT yarn/polymer composites could constitute a promising material for numerous 
multifunctional structural applications in aerospace vehicles. 
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Supporting Information: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1.  Schematic of LaRC multipurpose prepreg machine.S1 
 
 
Table S1.  API-60 epoxy unidirectional prepreg characteristics. 
Fiber/ 
Sizing 
Fiber 
Areal 
Weight, 
g/m2 
Volatiles, 
wt% 
(wet) 
Resin, 
wt% 
(dry) 
Length, 
m 
Width, 
cm 
IM7/ Unsized 131-140 4.3-4.9 35-38 23 11 
CNT Yarn/ 
Unsized N/A 7.1-10.5 62-69 8 0.32 
CNT Yarn/ 
Unsized N/A 5.4-7.2 51-56 11 0.32 
 
 
S1. Cano R J, Johnston N J, Marchello J. 40th SAMPE Symposium and Exhibition, Anaheim, 
CA, 1995: May. 
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